This paper presents our work on the automated and parallel manipulation, separation, and concentration of micro-and nano-particles utilizing a hydrogenated, amorphous silicon (a-Si:H)-based optically induced electrokinetics (OEK) chip. A theoretical analysis and calculation of the crossover frequency spectrum characteristic of polystyrene beads is first presented. Then, we use different optically induced dielectrophoresis (ODEP) force directionalities, i.e., positive and negative components, to separate polystyrene beads with diameters of 10 m and 1 m, respectively. Furthermore, we have also demonstrated experimentally that polystyrene beads with three different diameters, i.e., 500 nm, 1 m, and 10 m, can also be simultaneously separated and concentrated by combining different directionality and magnitudes of the ODEP force. We elucidated the dominate factors governing the operating regimes for rapid and simultaneous separation of micro-/nano-particles using OEK in this paper, and concluded that OEK is an extremely useful technology for the rapid sorting of micro-/nano-particles.
Introduction
Automated and parallel manipulation, separation, concentration, and assembly of micro-/nano-entities, such as biological objects, micro-/nano-particles, carbon nanotubes (CNTs), and graphene, are essential for a variety of applications, including electrochemical sensing of hemoglobin [1] , assembly of gold nanoparticle-based sensors [2] , CNT-based [3] and graphene-based field effect transistors [4] . Targets of interest are usually expected to be first separated from other micro-/nano-entities that may interfere with later detection or assembly process by characteristics such as their sizes, electrical or other physical properties. In this paper, we discuss the application of optically induced dielectrophoresis (ODEP) to rapidly separate and assemble micro-/nanometer-sized polystyrene beads, which is very important in developing advanced bio-sensing devices. For example, DNAs [5] , cells [6] , or proteins [7] , can all be immobilized or hybridized onto the surface of polystyrene beads, and then be easily separated, or assembled for later biomedical or engineering applications by manipulating the larger polystyrene beads.
Several micro-/nano-manipulation technologies have been widely investigated for the purpose of assembling and separating polystyrene beads. An atomic force microscope can be used to move micro-/nano-particles [8] , but it is time consuming, and difficult to adapt for large scale and parallel manipulation. Acoustic waves [9] can be used to induce acoustophoresis in a microfluidic channel to continuously separate particles, but it cannot achieve high resolution and high throughput simultaneously. Optoelectro-hydrodynamic assembly (OEA) [10] can be employed to manipulate and assemble colloidal crystals of polystyrene beads with an optically tunable pattern. Nevertheless, the requirement for a near-ultraviolet light source with a static mask, coupled with the non-uniform currents from OEA, makes the experimental setup for this technology expensive and relatively complex. Moreover, this patterning process is also time consuming and it is difficult to dynamically control these microstructure due to the use of a rigid mask. In addition, optical tweezers-based manipulation [11] is a well-known technology that provides a high-resolution manipulation mechanism, and is suitable for manipulation of a single cell or particle. This technology's shortcoming is its high optical power requirements, which might be a significant problem for trapping live cells due to the intense localized heating. Besides, several complex components such as a high numerical aperture lens and extremely precise motion translation stages are required, which may further inhibit the practical application of optical tweezers due to higher system cost. Dielectrophoresis (DEP) is another widely used technology that has been exploited in the past decade to separate polystyrene beads [12] , and multiwall CNTs based sensors [13] . This technology provides a parallel and rapid method for micro-/nano-manipulation. For DEP technology, fixed metal electrodes are fabricated by conventional micro-lithographic techniques and used to generate DEP force on the particles being manipulated. Hence, this technology lacks the flexibility of allowing for dynamic and reconfigurable manipulation once the electrodes are made. To enhance the dynamic capabilities of DEP micro-/nanomanipulation technology, an integrated CMOS-based DEP chip [14] has been reported, but at the expense of much higher chip cost. In addition, rapid electrokinetic patterning (REP) [15] is a hybrid opto-electrokinetic technique for non-invasive particle manipulation, which has been explored for fluidic manipulation, rapid particle assembly, and selective particle capturing. However, REP can only separate particles with differences in surface area and cannot separate particles with similar sizes, which will limit its applications.
Recently, an improved DEP chip, called optoelectronic tweezers (OET) or an optically induced dielectrophoresis (ODEP) chip has been introduced [16] , which addresses the drawbacks of optical tweezers and DEP. It has the ability to dynamically create real-time, reconfigurable, 'virtual' electrodes and the generated DEP force can span a large working area on the chip, as well as using ∼100,000 times less optical power than laser-based optical tweezers. The OET chip has been employed to enable massively parallel manipulation of micro-/nano-entities using virtual electrodes that are optically projected from a personal computer-based system with any desired geometric pattern, such as for the manipulation and separation of cells [17] , inducing self-rotation of Melan-a cells [18] , separation of nanowires [19] , dynamic patterning of gold nanoparticles [20] , fabrication of micrometer-and nanometer-scale polymer structures [21] , and separation of polystyrene beads by a negative DEP force [22] . Considering that all of the optically induced electrokinetics (OEK) forces, such as optically induced DEP, AC electroosmosis (ACEO), and electrothermal (ET) flows, will simultaneously exist in the experimental process (e.g., see [23] [24] [25] ), we herein define an OET chip with the more general term of an "OEK chip" in this paper.
The purpose of this paper is to demonstrate the use of ODEP technology to simultaneously separate and concentrate polystyrene beads with different diameters using different directionality and magnitudes of the ODEP force. This is preceded by a theoretical analysis of the crossover frequency spectrum characteristic of the polystyrene beads in a given fluidic medium.
Theoretical background and modeling

Optically induced DEP force
The overall system components of an "OEK system' used in our experiments to generate ODEP force is shown in the illustration of Fig. 1(a) . The OEK chip consists of a sandwich structure, including a top glass substrate coated with transparent and conductive indium tin oxide (ITO) film that is used as an electrode; a liquid layer containing the objects to be manipulated; and a bottom layer with a thin photoconductive film of the hydrogenated amorphous silicon (a-Si:H) deposited onto another ITO glass substrate. A more detailed description of the operational principles of the OEK chip and its fabrication process are given in our prior work in [21] .
As discuss in [25] , the magnitude and directions of the generated ODEP force depend on several physical factors, which are briefly described here. The time-averaged DEP force exerted on a bead in a fluidic medium is given as [26] : where R is the particle radius, ε m is the permittivity of the liquid medium, E rms is the electric field, and K(ω) is the Clausius-Mossotti (CM) factor, which is expressed as:
In the above equation, ε* = ε − j /ω, where ε and are the permittivity and conductivity, respectively; ω = 2 f, where f is the applied voltage frequency across the liquid medium in the OEK chip. The subscripts p and m denote the properties of the particle and liquid medium, respectively. The DEP force acting on a particle can be positive or negative, depending on the sign of the real part of the CM factor. For example, as shown in the illustration of Fig. 1(a) , particles can be trapped by an image projected onto an OEK chip. The particles are attracted to the illuminated "ring" since they initially experience a positive ODEP force. After entering the "ring", a negative ODEP force pushes the particles inward and hence the particles are trapped in the "ring". 
Crossover frequency spectrum characteristic of the polystyrene beads
The conductivity of polystyrene beads can be expressed as [26] 
where K s is the surface conductivity of the polystyrene beads and its value is 2 × 10 −9 S/m. The crossover frequency (Re [K (ω)] = 0) of the DEP force can be obtained from evaluating Eq. (2) as
Then, using Eqs. (3) and (4) yields the following equation which reveals the relationship between the crossover frequency, different sizes of polystyrene beads, and the liquid conductivity of the medium that surrounds the beads. This relationship can be expressed as
Fig . 2 shows the crossover frequency for polystyrene beads with diameters of 500 nm, 1 m, and 10 m, respectively, as a function of the liquid conductivity. The area under (to the left) of each curve indicates the positive DEP force zone, and area above (to the right) each curve indicates the negative DEP force zone. For example, when the liquid conductivity is higher than 8 × 10 −4 S/m, polystyrene beads with a diameter of 10 m will always experience a negative DEP force regardless of the applied frequency. Conversely, when the liquid conductivity is lower than 8 × 10 −4 S/m, a positive DEP force will be exerted on 10 m polystyrene beads with a applied frequency of lower than ∼135 kHz and a negative DEP force will be experienced by 10 m polystyrene beads with a applied frequency of higher than ∼135 kHz. Hence, polystyrene beads with different diameters can be separated using the different directionality of the DEP force acting on them when we select an appropriate liquid conductivity and an appropriate applied frequency that would induce positive DEP force on some particles while inducing negative DEP force on other particles. For example, both 1 m and 10 m polystyrene beads will always experience a negative DEP force when the liquid conductivity is 9 × 10 −3 S/m. Whereas, 500 nm polystyrene beads at this same liquid conductivity will experience a positive DEP force with a applied frequency lower than ∼2.7 MHz. Furthermore, the DEP force strength is directly proportional to the particle's volume. So the DEP force acting on 10 m polystyrene beads is much larger than that acting on 1 m polystyrene beads, which suggests that using the different directionality and magnitudes of the DEP force to simultaneously separate three sizes of polystyrene beads is possible.
Simplified electro-hydrodynamics of polystyrene beads
As noted in Section 1, there exist several AC and optically related electrokinetics forces in an OEK chip, including the DEP force and forces on a particle caused by ACEO and ET induced flows. In addition, other physical phenomena such as the buoyancy force and Brownian motion may also affect the motion of particles suspended in an OEK chip. Therefore, one of the aforementioned electrokinetics phenomena may dominate the particle manipulation process when a specific frequency for the AC voltage potential is selected between the two ITO surfaces of an OEK chip. Accordingly, in order to efficiently manipulate and separate different sizes of polystyrene beads, experimental conditions should be set up such that the DEP force will be dominant for the manipulation and separation process of polystyrene beads when a specific frequency is applied.
Using the equations for the forces shown in Table 1 , numerical solutions showing the relationship between the forces exerted on polystyrene beads with diameters of 500 nm, 1 m, and 10 m, as a function of the applied AC frequency is obtained by the finite element method (FEM) utilizing COMSOL Multiphysics [27], a commercial FEM software package. The COMSOL 2D time-harmonic analysis module for a quasi-static electrical current field is used to solve Maxwell's equations for the sub-domains of a model of the liquid chamber of the OEK chip, in order to get the electric field distribution, which is then used to calculate the DEP force. Table 1 Equations of the optically induced electrokinetics forces exerted on the polystyrene beads.
Forces
Governing equations [29] DEP
Here, ς is the zeta potential, Á is the dynamic viscosity of DI water, Et is the tangential electric field, T is the temperature of the liquid solution, = εm/ m , KB is the Boltzmann constant, and V is the volume of the polystyrene beads. For DI water in room temperature, approximately, k = 0.6 J m
The corresponding boundary conditions are the same as those discussed in our previous work [28] . Fig. 3 shows the simulated and calculated result of the particle velocity induced by the various forces, which indicates that the DEP force dominates the manipulation process for the three sizes of polystyrene beads when the applied frequency is higher than ∼20 kHz (given the boundary and initial conditions stated above). For the results shown in Fig. 3 , we have used the following assumptions. The liquid conductivity is the same as the calculated value of 9 × 10 −3 S/m in Fig. 2 , the dark conductivity of the a-Si:H is 1 × 10 −11 S/m, and the photoconductivity is 4 × 10 −5 S/m (experimental values for the a-Si:H film used in our work, as measured by a Keithley 2410 source meter). Moreover, the relative dielectric constant of the liquid and the aSi:H is 78 and 11, respectively. Both the time-harmonic electrical field analysis model and an incompressible Navier-Stokes (N-S) fluidic model were superimposed to simulate the induced velocity caused by the ACEO phenomenon. The time-harmonic analysis model was adopted to calculate the zeta potential and the tangential component of the electric field, which were then used to estimate the slip velocity. Furthermore, the calculated slip velocity was used as the boundary condition to solve the incompressible N-S equations for the ACEO flow distribution in liquid chamber. The simulation method for an ET flow is the same as those presented in our prior work as described in [28] . In addition, as noted in our prior work [28] , the temperature increase due to the ET effect is ∼3 K, which is negligible. Thus, we can use the average room temperature (i.e., T = 300 K) to calculate the Brownian motion. Fig. 3 . The contribution of the various OEK forces on the velocity of polystyrene beads with different diameters as a function of the applied frequency.
Experimental details and results
Fabrication process of the OEK chip
The fabrication process for the OEK chip is suitable for low cost and mass fabrication. As shown in Fig. 1, a 180 nm thick ITO layer is first sputtered onto a 800 m thick glass substrate. After this, 1 m of a-Si:H is deposited by a plasma enhanced chemical vapor deposition (PECVD) process. It should be noted that the a-Si:H layer is a photoconductive materials used to generate the OEK force. An area of ∼5 mm × 8 mm of a-Si:H needs to be etched in order to expose the ITO layer for connection to the external AC voltage. This is done by standard photolithography and dry-etching, using an Oxford Plasma Lab 80 Plasma Etching System with 2% oxygen, 12.5% CF 4 gas, 30 mTorr evacuated etching chamber, and a 6-min plasma exposure. Finally, the chip is rinsed and cleaned by acetone and DI water, and blown dry by N 2 gas. The top and bottom substrates are separated and maintained by a polydimethylsiloxane (PDMS) spacer or a double-sided tape as a spacer with a thickness of ∼60 m to create a microfluidic channel into which the liquid solutions are injected. The thickness of the spacer determines the distance between the top and bottom layers, and also affects the magnitudes of the DEP force. An AC bias voltage is applied to power the OEK chip.
Experimental setup
The experimental setup of the OEK system is shown in Fig. 4 , which is composed of an image acquisition system to observe the manipulation and separation process of the particles, an image generation system to generate the virtual electrodes which utilizes a commercial graphics software package (Flash 11, Adobe, USA) and then projects it onto the lower surface of the OEK chip via a projector, and a 3D digital control system to automatically and accurately control the motion of the OEK chip. An OEK chip containing the particles to be manipulated is fixed on a 3D moveable platform (Leetro Automation Co. Ltd, China). The image acquisition system is focused on the top surface of the OEK chip to observe the initial position and the subsequent separation and manipulation of the suspended micro-/nano-particles utilizing a charged coupled device (DH-SV1411FC, DaHeng Image, China), a microscope (Zoom 160, OPTEM, USA) and a computer equipped with an image acquisition card. To generate the virtual electrodes, the graphics animation software is used to generate any desired geometric optical patterns (which could be animated in real-time). Furthermore, a commercially available LCD projector (VPL-F400X, Sony, Japan) with a standard resolution of 1024 × 768 is used as an optical source and connected to a computer to project the optical pattern onto the lower surface of the OEK chip. A condenser lens (Nikon, MS plan, 50×) fixed between the LCD projector and the OEK chip is used to focus and collimate the optical pattern onto the OEK chip. In addition, an AC bias, supplied by a function generator (Tektronix, AFG 3022B, USA), is applied between the top and bottom conductive layers of the OEK chip.
Three sizes of polystyrene beads, i.e., 500 nm, 1 m, and 10 m diameters, were obtained from Polysciences, PA, USA, to conduct the experiments reported in this paper. By adjusting the concentration of the bovine serum albumin (BSA, Sigma-Aldrich, USA), the conductivity of the deionized water (DI) solution in which the polystyrene beads are suspended can be adjusted from 2 × 10 −2 S/m (1 wt% BSA) to 1 × 10 −3 S/m (0.1 wt% BSA) (measured by using the Cond 3110 conductivity meter). The BSA is used to reduce the adhesion of polystyrene beads onto the chip surface. Then, a sample droplet of 15 l from the mixed solution is injected into the OEK chip via the inlet. It is composed of an image acquisition system to observe the separation of the particles; an image generation system to generate the virtual electrodes utilizing commercial Flash software; the virtual electrodes are projected onto the lower surface of the OEK chip by a projector. A 3D digital control system automatically and accurately controls the motion of the OEK chip.
Manipulation of 500 nm and 1 m polystyrene beads
As shown in Fig. 2 , theoretically the 500 nm polystyrene beads will experience a positive DEP force when they are immersed in a medium with a liquid conductivity of 9 × 10 −3 S/m and a negative DEP force if the medium as a liquid conductivity of 2 × 10 −2 S/m, respectively. Fig. 5 shows an experimental process for the manipulation of 500 nm polystyrene beads by positive ( Fig. 5(a) ) and negative ( Fig. 5(b) ) DEP force with different liquid solutions, respectively. The captured images are enhanced by an image processing software in order to increase the contrast ratio and allow the 500 nm polystyrene beads to be more clearly seen. The final positions of the 500 nm polystyrene beads are shown in Fig. 5 (a) (iii) and (b) (iii), respectively. These experimental results validate the theoretically calculated results shown in Fig. 2 . Furthermore, for 1 m polystyrene beads, a positive DEP force will be exerted when the liquid conductivity is 1 × 10 −3 S/m and a negative DEP force will be done when the liquid conductivity is 9 × 10 −3 S/m. Fig. 6 shows an experimental result of the manipulation of 1 m polystyrene beads by positive (Fig. 6(a) ) and negative ( Fig. 6(b) ) DEP force with different liquid solutions, respectively. The 1 m polystyrene beads are assembled with a similar pattern as the incident rectangular light pattern, shown in Fig. 6(a) (iii) , which shows that a positive DEP force will be exerted on the 1 m polystyrene beads when the liquid conductivity is 1 × 10 −3 S/m. suspended in a liquid solution with a conductivity of 9 × 10 −3 S/m, indicating that the 1 m polystyrene beads experienced a negative DEP force under given experimental conditions.
Separation of polystyrene beads with diameters of 1 m and 10 m
As shown in Fig. 2 , the 10 m polystyrene beads will experience a negative DEP force and the 1 m polystyrene beads will experience a positive DEP force when the liquid conductivity is lower than ∼8 × 10 −3 S/m and the applied frequency is lower than ∼1.35 MHz. This allows us to separate these two sizes of polystyrene beads using the negative and the positive DEP forces with a liquid conductivity of 1 × 10 −3 S/m, respectively. Fig. 7 shows the experimental process for separation of the two sizes of beads. Initially, the 10 m and 1 m beads are randomly suspended in the liquid solution with a conductivity of 1 × 10 −3 S/m due to the Brownian motion ( Fig. 7(a) ). When a ring-shaped optical pattern is projected onto the OEK chip and an AC bias potential with a frequency of 80 kHz and a voltage of 20 V pp is applied, the 10 m beads are repelled away from the illuminated areas but the 1 m beads are attracted to the illuminated areas (Fig. 7(b) ). Continually shrink the ring pattern, the 10 m beads tend to move to the center of the ring (Fig. 7(c) ). After 6 s, the 10 m beads are closely assembled at the center of the incident optical ring pattern (Fig. 7(d) ). However, the 10 m beads are now concentrated and are assembled at the center location with a similar ring pattern and the 1 m beads remain within the illuminated areas when the ring is further shrunk (Fig. 7(e) ). After 12 s, the projected optical pattern is removed and the AC bias potential is switched off, the separation result of the 10 m and 1 m beads are shown in Fig. 7(f) . We note that some 1 m beads far from the optical pattern cannot be attracted and concentrated during the separation process, the reason of which is that the DEP force is proportional to the square of the gradient of the norm of the electric field and then sharply decreased for the 1 m beads existing far from the illuminated areas, as explained in our prior simulation work [28] .
3.5. Separation of polystyrene beads with diameters of 500 nm, 1 m, and 10 m As discussed, the polystyrene beads with diameters of 10 m and 1 m will experience a negative DEP force and the 500 nm polystyrene beads will experience a positive DEP force at a frequency of 80 kHz. Furthermore, the 10 m polystyrene beads will experience a higher DEP force than the 1 m polystyrene beads. Based on these numerical simulations, the polystyrene beads with the three sizes can be separated and sorted. This capability is first demonstrated through the spatial differences in the directionality of the DEP force. Fig. 8 shows the experimental process. At first, when the rectangle-shaped optical pattern is projected onto the photoconductive layer and the applied AC voltage is switched off, the initial positions of the three different sized polystyrene beads suspended in the DI water solution (with a conductivity of 9 × 10 −3 S/m) can be observed by the microscope (Fig. 8(a) ). Then an external, square waveform AC voltage potential [25] of 20 V pp , at a frequency of 80 kHz is switched on and the concentric rectangular image is gradually shrunk, the 10 m polystyrene beads are pushed to the center of the rectangle because a negative DEP force is exerted on the 10 m polystyrene beads but the induced velocity on the 1 m polystyrene beads lags behind the movement of the projected shape due to a lower negative DEP force (Fig. 8(b) ). Because the 500 nm polystyrene beads will be concentrated into the illuminated areas due to the positive DEP force, the 1 m polystyrene beads are also affected and aggregated. Furthermore, as the optically projected rectangle gradually shrinks, the 10 m polystyrene beads trapped by the rectangle-shaped virtual electrode tend to form a line pattern due to the negative DEP force induced by the concentric rectangular virtual electrode pushing the 10 m polystyrene beads toward the equilibrium position which is the center longitudinal axis of the rectangle, and the 1 m polystyrene beads are repelled and then concentrated at the external edge of the rectangle. After 72 s, the 10 m polystyrene beads are arranged a line (Fig. 8(c) ). When the rectangle height is narrowed to 10 m, equal to the size of the 10 m polystyrene beads, the 10 m polystyrene beads are squeezed out and move away from the illuminated areas ( Fig. 8(d) ). As the rectangle-shaped pattern continually shrinks and becomes a line-shaped pattern, the 1 m polystyrene beads lying inside of the rectangle are squeezed out and only the 500 nm polystyrene beads are concentrated (Fig. 8(e) ). Keeping a line-shaped pattern for 10 s, the final condition is that the 500 nm polystyrene beads are formed into a line pattern (Fig. 8(f) ) and the 1 m beads are segregated away the line pattern.
Conclusion
We have experimentally demonstrated automated and parallel manipulation, separation, and assembly of micro-/nano-sized particles using an OEK chip. The experimental observations of the separation process followed predictions based on theoretical calculations and numerical simulations of the governing electrokinetics equations are described in this paper. We have shown that 10 m and 1 m beads can be rapidly separated using the combination of the negative and positive ODEP forces with a liquid conductivity of 1 × 10 −3 S/m. Moreover, employing a liquid conductivity of 9 × 10 −3 S/m, as determined from a theoretical analysis and calculation of the crossover frequency spectrum for the polystyrene beads, we have achieved experimentally the manipulation and simultaneous separation of polystyrene beads with diameters of 500 nm, 1 m, and 10 m, by projecting a shrinking concentric rectangular virtual electrode onto the OEK chip.
Gwo-Bin Lee is a professor in the Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, Taiwan. He received B.S. and M.S. degrees in mechanical engineering from National Taiwan University, Taipei, Taiwan, in 1989 and 1991, respectively, and his Ph.D. degree in mechanical and aerospace engineering from the University of California, Los Angeles. 
Wen Jung Li
